Gastric cancer is one of the most commonly occurring malignant tumours worldwide, with approximately one million patients diagnosed annually ([@bib22]). Despite advances in surgical techniques, chemotherapy, and radiotherapy, the survival rate of gastric cancer patients remains low because of local invasion and metastasis. These are known to be the major biological characteristics of gastric cancer, and are responsible for a poor prognosis ([@bib20]). However, the detailed molecular mechanisms of this process have not been fully elucidated ([@bib35]). New markers for cancer prognosis, and therapeutic options targeting invasion and metastasis, are needed to improve gastric cancer therapies.

Leucine-rich repeat-containing G-protein-coupled receptor 5 (Lgr5), also known as GPR49, is a member of the G-protein-coupled receptor family of proteins. It is also thought to be a target of Wnt signalling ([@bib36]; [@bib29]; [@bib21]). The Lgr5 molecule is known to have a large N-terminal extracellular domain containing 18 leucine-rich repeats that interact with extracellular signals via the cytoplasmic G protein and that activate a number of downstream molecules ([@bib10]). Previous studies indicated that Lgr5, a part of the Wnt signalling complex at the membrane level, could enhance Wnt/*β*-catenin signalling through the following mechanisms: Lgr5 could specifically recruit LRP--Frizzled receptor complex and eventually interfere with the degradation of the crucial signalling molecule *β*-catenin. Then, more accumulated *β*-catenin could translocate to the nucleus and regulate the expression of a wide range of target genes ([@bib7]; [@bib8]). [@bib5], [@bib4]) recently showed that Lgr5 expression was limited to the crypt base of the small and large intestines, and identified it as a novel intestinal stem cell marker. Leucine-rich repeat-containing G-protein-coupled receptor 5 is overexpressed in hepatocellular carcinoma ([@bib36]), colorectal cancer ([@bib17]; [@bib10]; [@bib28]; [@bib25]; [@bib26]), ovarian cancer ([@bib17]), basal cell carcinoma ([@bib27]), and oesophageal adenocarcinoma ([@bib6]). Leucine-rich repeat-containing G-protein-coupled receptor 5 expression was detected in spheroid cells derived from colorectal cancers ([@bib30]), making it an ideal marker of colorectal cancer stem cells ([@bib25]; [@bib26]). The Lgr5-positive cells were distributed in the invasive tumour front during colorectal cancer progression ([@bib26]), indicating that Lgr5 might have an important role in invasion and migration. [@bib3] reported that Lgr5 expression was predominantly restricted to the pyloric glands contributing to epithelial self-renewal, and could serve as a unique marker of stem cells in the stomach. [@bib3] also found that transformation of adult Lgr5-positive stem cells could drive tumour formation in the stomach *in vivo*. However, the expression and function of Lgr5 in gastric cancer has not yet been investigated.

Invasion and metastasis of gastric cancers involves multiple steps. The degradation of extracellular matrix (ECM) is a crucial step ([@bib23]). It is well known that matrix degradation by matrix metalloproteinases (MMPs), such as MMP2 and MMP9, are critical for tumour invasion and metastasis ([@bib9]). Matrix metalloproteinase-2 is one of the key enzymes of the invasion and metastasis cascade for gastric cancer ([@bib32]; [@bib23]), because of its ability to degrade type IV collagen of extracellular matrices and basal membranes ([@bib1]). Furthermore, downregulation of E-cadherin expression could also promote metastasis of gastric cancer ([@bib11]), and abnormal E-cadherin expression may be used as a predictive factor for tumour invasiveness in gastric adenocarcinoma ([@bib2]). To the best of our knowledge, there has been no published study reporting the relationship between Lgr5 and these invasion/metastasis-related factors in gastric cancer.

In this study, we analysed the expression levels of Lgr5 protein and mRNA in gastric cancer using immunohistochemistry, western blotting, and quantitative reverse transcription--polymerase chain reaction (qRT--PCR). We also explored the correlation of Lgr5 expression with clinicopathological features, in particular invasion and metastasis. The relationship between Lgr5 and MMP2 was also examined. We used RNA interference (RNAi) techniques to silence expression of the *Lgr5* gene in the AGS gastric cancer cell line, and observed any effects on the invasiveness of these cells.

Materials and methods
=====================

Patients and tissue samples
---------------------------

Gastric cancer tissues were obtained from 318 patients who underwent curative surgical resection at the Chinese People\'s Liberation Army (PLA) General Hospital (Beijing, China) from 1999 to 2004. We randomly selected 80 distal normal gastric tissues from the 318 gastric cancer cases as normal controls. This study was conducted with the approval of the Chinese PLA General Hospital Research ethics committee. Tissues were fixed in formalin and embedded in paraffin. The medical records of patients, and the histopathology of each specimens were reviewed. The ages of patients ranged from 24 to 86 years (median, 65 years; mean, 59.6 years). Using the pathological TNM stages, as revised by the International Union Against Cancer (UICC) in 2009, 63 were classified as stage I, 117 were stage II, 122 were stage III, and 16 were stage IV. Samples of freshly resected gastric carcinoma (*n*=75) and samples of matched normal mucosal tissue adjacent to the carcinoma (*n*=75) were collected from patients who were treated at the PLA General Hospital in 2010. Samples were snap-frozen and stored at −80 °C until required.

Immunohistochemistry
--------------------

Immunohistochemical staining of Lgr5 and MMP2 was conducted according to procedures described previously ([@bib33]). The sections were incubated with a monoclonal rabbit antibody against human Lgr5 (1 : 50 dilution, ab75850; Abcam, Cambridge, MA, USA), and a mouse monoclonal antibody against human MMP2 (1 : 80, ab80737; Abcam) at 4 °C overnight. After washing with PBS, sections were incubated with an appropriate biotinylated secondary antibody (Zymed Laboratories, San Francisco, CA, USA) for 30 min. Peroxidase reactivity was visualised using a 3,3′-diaminobenzidine substrate kit (Zymed Laboratories), and slides were counterstained with haematoxylin. The primary antibody was replaced with PBS for use as a negative control.

Evaluation of immunohistochemistry
----------------------------------

Antigen expression was independently scored by two experienced pathologists, who were blinded to all clinical pathology data. For cases where there was a discrepancy, a final score was established by reassessing on a double-headed microscope. For scoring Lgr5 and MMP2 expression, immunohistochemical staining of cells was evaluated according to a score that added a scale of intensity of staining to the proportion of stained cells ([@bib34]). The intensity of staining was scored as follows: 0, no staining; 1+, weak staining; 2+, moderate staining; and 3+, intense staining. The proportion of stained cells was scored as follows: 0, no cells stained; 1+, positive staining in \<10% of cells; 2+, positive staining of 10--50% of cells; and 3+, \>50% of cells stained positive. The final score was determined by combining the two scores. A score of ⩽1 was considered negative, and a score of 2--6 was considered positive ([@bib31]; [@bib16]).

Protein extraction and western blotting
---------------------------------------

Protein extraction and western blotting were conducted as described previously ([@bib23]). Total proteins from cells and frozen tissue were extracted with a lysis buffer. The concentration of proteins in the supernatant was analysed using the Bradford method (Bio-Rad, Hercules, CA, USA). Protein samples (50 *μ*g per lane) were loaded onto 12% sodium dodecylsulphate gels and electrophoresed, and then transferred to nitrocellulose membranes (Amersham Biosciences, Piscataway, NJ, USA). Membranes were blocked with 5% (w v^−1^) non-fat milk in TBST (50 m[M]{.smallcaps} Tris-HCl (pH 7.6), 150 m[M]{.smallcaps} NaCl, 0.1% Tween-20; blocking buffer) at room temperature for 1 h and incubated with a primary antibody diluted in blocking buffer (anti-Lgr5, 1 : 100; anti-MMP2, 1 : 400; anti-*β*-catenin, 1 : 600, ab2365; anti-MMP9, 1 : 1000, ab52496; anti-*β*-actin, 1 : 1000, ab8224; anti-GAPDH, 1 : 1500, ab184114 (Abcam); anti-E-cadherin, 1 : 500, sc-71008 (Santa Cruz Biotechnology, Santa Cruz, CA, USA)) overnight at 4 °C. After washing three times with TBST, membranes were incubated with a horseradish peroxidase-conjugated goat anti-rabbit/mouse secondary antibody (1 : 2000; Santa Cruz Biotechnology) for 2 h at room temperature. Antibodies against *β*-actin and GAPDH were used as internal controls. Bands were visualised using chemiluminescence, and protein bands were quantified with Quantity-One v4.4 software (Bio-Rad).

Cell culture
------------

Five human gastric carcinoma cell lines (MGC-803, SGC-7901, AGS, BGC-823, MKN-45) and a normal human gastric mucosal epithelial cell line (GES-1) were purchased from the American Tissue Culture Collection (ATCC, Manassas, VA, USA). Cells were cultured in RPMI 1640 medium (GIBCO-BRL, Gaithersburg, MD, USA) supplemented with 10% fetal bovine serum (FBS; GIBCO-BRL), 100 U ml^−1^ penicillin, and 100 *μ*g ml^−1^ streptomycin at 37 °C/5% CO~2~.

Transient transfection of Lgr5 siRNAs
-------------------------------------

An RNAi approach was used to knock down Lgr5 expression in AGS cells that expressed high levels of endogenous Lgr5. The siRNAs were synthesised by GenePharma Company (Shanghai, China), including three siRNA duplexes targeting different regions of Lgr5 mRNA. These were designated Lgr5-homo-409 (sense, 5′-GCAGAAUAAUCAGCUAAGATT-3′ antisense, 5′-UCUUAGCUGAUUAUUCUGCTT-3′), Lgr5-homo-1555 (sense, 5′-GGACGACCUUCAUAAGAAATT-3′ antisense, 5′-UUUCUUAUGAAGGUCGUCCTT-3′), and Lgr5-homo-2664 (sense, 5′-GCUCCAGCAUCACUUAUGATT-3′ antisense, 5′-UCAUAAGUGAUGCUGGAGCTT-3′). The sense and antisense negative controls were: 5′-UUCUCCGAACGUGUCACGUTT-3′ and 5′-ACGUGACACGUUCGGAGAATT-3′ respectively. The GAPDH sense and antisense positive controls were: 5′-GUAUGACAACAGCCUCAAGTT-3′ and 5′-CUUGAGGCUGUUGUCAUACTT-3′, respectively.

The gastric cells overexpressing Lgr5 were cultured in 6-well plates at a density of 5 × 10^5^ ml^−1^. Cells for transfection were cultured in serum-free medium until 50--70% confluent (approximately 18 h later). Briefly, 4 *μ*l of the siRNA was added to 50 *μ*l of Opti-MEM serum-free medium (Invitrogen, Carlsbad, CA, USA). To another 50 *μ*l of Opti-MEM serum-free medium, we added 2 *μ*l of Lipofectamine 2000 (Invitrogen) and allowed it to incubate for 5 min at room temperature. The two solutions were then mixed and allowed to stand at room temperature for 20 min. The combined solution was added to 6-well plates and incubated at 37 °C/5% CO~2~ for 6 h. The medium was then replaced with serum-containing medium.

Transwell assays
----------------

Following transfections, the invasive potential of gastric cancer cells was assessed by transwell assays. Cell invasion assays were conducted using an Invasion Assay Kit (Chemicon, Millipore, CA, USA) according to the manufacturer\'s recommended protocols. Briefly, 300 *μ*l of warm serum-free media was added to the interior of the inserts to rehydrate the ECM for 30 min at room temperature. Cells transfected with siRNAs for 48 h were harvested by trypsinisation. Cell suspensions were prepared (5 × 10^5^ cells per ml) in serum-free medium, and added to the inserts within wells (100 *μ*l per chamber). Media containing 10% FBS were added to the lower chambers (500 *μ*l per chamber). Cells were cultured for 24 h, and non-invading cells along with ECM gel from the interior of the inserts were gently removed using a cotton-tipped swab. The membrane was stained using 0.1% crystal violet for 20 min, and washed with PBS. The numbers of cells were determined from five fields of view at × 200 magnification.

Wound healing assay
-------------------

A total of 2 × 10^5^ cells per well of each group (Blank, Negative, and siRNA-Lgr5) were seeded onto 12-well plates until confluent. The cell monolayer was scraped with a pipette tip to create an artificial wound field. The remaining cells were washed two times with PBS buffer, and supplied with a growth medium containing FBS. Pictures of the wounded area were captured using an inverted microscope (TE2000-E; Nikon, Tokyo, Japan) at 0 and 12 h after scratching and the width of the wounded area at 0 (*W*~0~) and 12 h (*W*~12~) was measured. The relative migration=(*W*~0~−*W*~12~)/*W*~0~.

Quantitative polymerase chain reaction assays
---------------------------------------------

Total RNA was extracted from cells using an RNeasy Mini Kit (Qiagen, Tokyo, Japan) and reverse transcribed using a cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA). Assays were conducted on an ABI PRISM 7700 sequence detection system (Applied Biosystems) using SYBR Green PCR Master Mix (Applied Biosystems) at 95 °C for 10 min, followed by 50 cycles at 95 °C for 15 s, and then 60 °C for 1 min. For the quantitation of Lgr5 (GenBank Accession No. NM_003667.2), a 161 bp amplicon was generated using primers 5′-TTTGGACAAGGGAGACCTGGAGAAT-3′ and 5′-GAAAGCCACAGGGCAGTTTAGGAT-3′. For detection and quantitation of MMP2 (NM_001127891), a 160 bp amplicon was generated using primers 5′-AGCATGTCCCTACCGAGTCT-3′ and 5′-AAACAGATGGCAAACACGGC-3′. The primers 5′-AGAAGGCTGGGGCTCATTTG-3′ and 5′-AGGGGCCATCCACAGTCTTC-3′ were used to amplify a 266 bp portion of the *GAPDH* gene as a control. Relative values of transcripts were calculated using the 2^−ΔΔC(T)^ method ([@bib15]). The mRNA expression level of Lgr5 was normalised to that of GAPDH.

Statistical analysis
--------------------

SPSS v.13.0 (SPSS, Chicago, IL, USA) was used for the statistical analysis. Pearson\'s *χ*^2^-test was used to examine various clinicopathological characteristics with the expression of Lgr5. The Spearman\'s correlation coefficient test was used to assess the association between the expression of Lgr5 and MMP2. All quantitative data were presented as the mean±s.d. Paired-samples *t*-test was used to assess the difference of gene or protein expression between gastric cancer and normal mucosas. The Pearson\'s correlation was used to assess the association between relative expression of Lgr5 and MMP2. Cumulative survival curves were drawn by the Kaplan--Meier method. The difference between the curves was analysed by the log-rank test. Multivariate survival analysis was based on Cox proportional hazard model. Two-tailed Student\'s *t*-test was used to compare the number of invasive cells, the relative migration, and the relative expressions of target gene or protein between any two preselected groups. Dunnett\'s test, a multiple comparison procedure, was used to compare each of a number of groups with a single control. A value of *P*\<0.05 was considered statistically significant. Furthermore, to correct for multiple comparisons a Bonferroni correction was performed. This was achieved by dividing the common *P*-value border 0.05 by the number of comparisons.

Results
=======

Lgr5 expression and clinicopathological features
------------------------------------------------

Leucine-rich repeat-containing G-protein-coupled receptor 5 was mainly expressed in the cytoplasm of gastric carcinoma cells ([Figure 1A](#fig1){ref-type="fig"}). For the gastric cancer samples, 54.1% (172 out of 318) expressed Lgr5, compared with 18.8% (15 out of 80, *P*=0.001) in normal mucosal tissues ([Figure 1B](#fig1){ref-type="fig"}). Leucine-rich repeat-containing G-protein-coupled receptor 5 was expressed in 33.3% (5 out of 15) of well-differentiated, 37.1% (23 out of 62) of moderately differentiated, and 59.8% (144 out of 241) of poorly differentiated carcinomas ([Table 1](#tbl1){ref-type="table"}). The presence of Lgr5 immunoreactivity appeared to correlate with the degree of tumour infiltration. Leucine-rich repeat-containing G-protein-coupled receptor 5 expression was more frequent in advanced T-stage cancers (*P*=0.001; [Table 1](#tbl1){ref-type="table"}). The cancer cells at the invasive front of the tumour exhibited intense staining for the presence of Lgr5 in most cases ([Figure 1A](#fig1){ref-type="fig"}). Leucine-rich repeat-containing G-protein-coupled receptor 5 expression was found to correlate with metastasis in regional lymph nodes (*P*=0.001) and distant (*P*=0.013) lymph nodes. In addition, the number of samples positive for Lgr5 were significantly greater when metastasis occurred compared with those without metastasis (62.4% *vs* 37.1% *P*=0.001; [Figure 1C](#fig1){ref-type="fig"}). Considering the TNM stage, an apparent relationship was seen between Lgr5 expression and tumour stage (*P*=0.001; [Table 1](#tbl1){ref-type="table"}).

Lgr5 and MMP2 correlation
-------------------------

Matrix metalloproteinase2 expression was observed in 58.2% (185 out of 318) of gastric cancer samples and was mainly seen in the cytoplasm of cells ([Figure 1A](#fig1){ref-type="fig"}). Matrix metalloproteinase2 expression correlated with histological differentiation (*P*=0.015), tumour size (*P*=0.001), invasive depth (*P*=0.001), lymph node metastasis (*P*=0.001), TNM stage (*P*=0.001), and prognosis (*P*=0.001). There was also a positive correlation between Lgr5 and MMP2 expression (*P*=0.001, *r*=0.485; [Table 1](#tbl1){ref-type="table"}).

Association of Lgr5 and MMP2 proteins with tumour invasiveness and metastasis
-----------------------------------------------------------------------------

We used western blotting to investigate Lgr5 and MMP2 protein expression in 75 paired biopsy tissue ([Figure 1D](#fig1){ref-type="fig"}). The distribution of the Lgr5 protein in gastric cancers at different T stages was presented ([Figure 1E](#fig1){ref-type="fig"}). The mean relative expression level of Lgr5 protein was significantly elevated (all *P*=0.001) in gastric cancer with respect to the degree of tumour infiltration (T stage): T1, 0.289±0.159 (*n*=10); T2, 0.571±0.054 (*n*=16); T3, 0.732±0.038 (*n*=35); and T4, 0.910±0.075 (*n*=14). Expression of the Lgr5 protein was increased in metastasising tumours compared with non-metastatic cancer tissue (0.516±0.187 *vs* 0.795±0.098, *P*=0.001) ([Figure 1F](#fig1){ref-type="fig"}). The mean relative expression levels of Lgr5 protein were 0.672±0.199 for cancerous tissues and 0.135±0.039 for adjacent normal mucosa. The mean relative expression level of the MMP2 protein was 0.568±0.170 for cancer tissues and 0.104±0.033 for adjacent normal mucosa. When compared with normal gastric mucosa, the relative expression levels of the Lgr5 and MMP2 proteins were significantly enhanced (*P*=0.001) in gastric cancer tissues ([Figure 1G and H](#fig1){ref-type="fig"}). There was a positive correlation between Lgr5 and MMP2 expression in gastric cancer tissues (*r*=0.875, *P*=0.001; [Figure 1I](#fig1){ref-type="fig"}).

Lgr5 expression and patient survival
------------------------------------

Survival curves were calculated using the Kaplan--Meier analysis. The postoperative survival time (median, 23.5 months; mean, 31.17±4.18 months) for Lgr5-positive patients was significantly shorter than that for Lgr5-negative patients (median, 55 months; mean, 64.23±6.91 months; log rank=54.45, *P*=0.001; [Figure 1J](#fig1){ref-type="fig"}). Multivariate analysis using the Cox proportional hazards model showed that the expression of Lgr5 was an independent prognostic factor (*P*=0.001) with a hazard ratio of 1.656 (95% confidence interval: 1.219--2.249). Age, tumour size, lymph node metastasis, TNM stage, and MMP2 expression also appeared to be significant independent prognostic factors ([Table 2](#tbl2){ref-type="table"}).

Expression of Lgr5 and MMP2 in cell lines
-----------------------------------------

The relative expression levels of Lgr5 and MMP2 mRNAs were significantly higher (all *P*\<0.05) in the gastric cancer cell lines (MGC803, SGC7901, AGS, BGC823, and MKN45) than in the gastric epithelial cell line (GES-1) ([Figure 2A and B](#fig2){ref-type="fig"}). There was a positive correlation between the Lgr5 and MMP2 mRNA levels (*r*=0.947, *P*=0.014; [Figure 2C](#fig2){ref-type="fig"}). Western blot analysis showed that Lgr5 and MMP2 protein levels were significantly higher in the gastric cancer cell lines than in the normal mucosa cell line, corresponding with the qRT--PCR results ([Figure 2D](#fig2){ref-type="fig"}). The expression levels of Lgr5 were highest in AGS cells. Therefore, AGS cells were chosen for RNAi experiments.

siRNAs suppressed Lgr5 expression in gastric cancer cells
---------------------------------------------------------

AGS cells were transfected with the negative control FAM-siRNA for 18 h. Once the culture reached 80% confluence, green fluorescence was observed, indicating a transfection efficiency \>90% ([Figure 3A and B](#fig3){ref-type="fig"}). At 48 h post-transfection, total RNA and protein were extracted from transfected AGS cells for quantitative polymerase chain reaction (qPCR) and western blotting assays. Expression levels of Lgr5 mRNA in different groups (Blank control, 1.00±0; siRNA-Lgr5-409, 0.76±0.08; siRNA-Lgr5-1555, 0.69±0.06; siRNA-Lgr5-2664, 0.05±0.02; and Negative control siRNA, 0.89±0.12) indicated that transfection with these Lgr5 siRNAs resulted in a significant decrease in Lgr5 mRNA. The Lgr5-homo-2664 siRNAs were most efficient in suppressing Lgr5 expression compared with other groups (all *P*\<0.05; [Figure 3C](#fig3){ref-type="fig"}). Transfection with the Negative control siRNA did not affect Lgr5 expression. This result was confirmed at the protein level through western blotting ([Figure 3D](#fig3){ref-type="fig"}).

Effect of Lgr5 interference on AGS cell invasion and migration
--------------------------------------------------------------

The change in the invasiveness of AGS gastric cancer cells was investigated by Transwell invasion chamber assay. AGS cells were divided into three groups: a non-transfected control group (Blank); a negative-siRNA-transfected control group (Negative); and an Lgr5 siRNA-transfected group (siRNA-Lgr5). Our findings showed that AGS cells transfected with Lgr5 siRNA resulted in significantly fewer cells passing through the polycarbonate membrane of the transwell invasion chamber compared with those in the Blank and Negative groups (*P*=0.001 and 0.001, respectively). Cell invasiveness was not significantly different between the Blank and Negative groups (*P*=0.141; [Figure 4A](#fig4){ref-type="fig"}).

The wound healing assay was performed to assess the effect of Lgr5 interference on AGS cell migration. In comparison with the Blank (relative migration, 86.5±1.4%) and Negative groups (relative migration, 86.0±2.3%), the silencing of Lgr5 by siRNA decreased the migration of AGS cells (relative migration, 43.9±2.3%) (all *P*=0.001). There was no difference between the Blank and Negative control groups (*P*=0.764) ([Figure 4B](#fig4){ref-type="fig"}).

MMP2 may be involved in invasion and migration of gastric cancer regulated by Lgr5
----------------------------------------------------------------------------------

Both MMP2 and *β*-catenin protein expression levels (0.24±0.02 and 0.31±0.02) were significantly lower in the AGS cells transfected with Lgr5 siRNA than that in the Blank (0.73±0.02 and 0.72±0.03) or Negative (0.67±0.03 and 0.70±0.03) groups (all *P*=0.001). However, Lgr5 siRNA did not alter the expression level of MMP9 and E-cadherin protein (*P*\>0.05) ([Figure 4C](#fig4){ref-type="fig"}). Furthermore, qRT--PCR results showed that the expression level of MMP2 mRNA (0.34±0.03) was also decreased in the AGS cells transfected with Lgr5 siRNA compared with Blank (1.00±0.0) or Negative (0.99±0.12) groups. At the mRNA (*P*=0.912) or protein (*P*=0.07) level, there was no difference between the Blank and Negative control groups ([Figure 4C and D](#fig4){ref-type="fig"}).

Discussion
==========

Leucine-rich repeat-containing G-protein-coupled receptor 5 has been shown to be a stem cell marker of the small intestine, colon, and stomach ([@bib36]; [@bib5], [@bib4], [@bib3]; [@bib29]; [@bib21]). Reports have demonstrated that overexpression of Lgr5 in different primary tumours, including hepatocellular carcinoma ([@bib36]), colorectal cancer ([@bib17]; [@bib10]; [@bib28]; [@bib25]; [@bib26]), ovarian cancer ([@bib17]), basal cell carcinoma ([@bib27]), and oesophageal adenocarcinoma ([@bib6]), is associated with carcinogenesis and progression. In their recent colorectal cancer study, [@bib25]indicated that Lgr5 mRNA expression significantly correlated with metastasis in regional lymph nodes, distant metastasis, and TNM stage.

In the present study, we investigated the expression of Lgr5 in a large sample of gastric cancer tissues with follow-up data using immunohisochemical techniques. Statistical analyses of our data showed that Lgr5 expression was more frequent in cancerous than in normal mucosal tissues. In normal mucosa, only single epithelial cells at the base of the gland displayed Lgr5 staining. This result was in accordance with those from a previous study ([@bib3]). In gastric cancer tissues, it was seen more frequently in advanced gastric cancers. It is suggested that Lgr5 may have an important role in the development and progression of tumours. In addition, patients with Lgr5-positive gastric cancers had poor survival compared with patients who have Lgr5-negative gastric cancers. This implies that Lgr5 might be a specific molecular marker in the prognosis of gastric cancer.

Invasion and metastasis are the most life-threatening aspects of cancer ([@bib14]; [@bib13]). Gastric cancer usually presents extensive local invasion and early metastasis, especially in regional lymph nodes ([@bib18]). Invasion and metastasis of gastric cancer is a multistep process. Degradation of the ECM and penetration of the basement membrane by MMPs are crucial steps in these processes ([@bib12]). Among the MMPs, MMP-2 has been shown to be one of the key enzymes in the invasion and metastasis cascade of gastric cancer ([@bib32]; [@bib23]), because of its ability to degrade type IV collagen, a major component of ECMs and basement membranes ([@bib1]). In this study, the expression of MMP-2 positively correlated with the depth of tumour infiltration, lymph node metastasis, and TNM stage. These results were in accordance with those from previous studies ([@bib24]; [@bib18]). We also found that a high level of Lgr5 expression in gastric cancer positively correlated with the depth of invasion, lymph node metastasis, distant metastasis, and MMP2 expression. Leucine-rich repeat-containing G-protein-coupled receptor 5 expression exhibited a focal, patchy, or widespread distribution pattern, with increased expression levels at invasive margins. On the basis of these results, we speculated that Lgr5 might have a crucial role in the invasion and metastasis of gastric cancer.

To provide further evidence that Lgr5 contributes to the invasion and metastasis of gastric cancer, we performed a series of experiments *in vitro*. We used several gastric cancer cell lines (MGC803, SGC7901, AGS, BGC823, and MKN45) and examined Lgr5 mRNA and protein expression levels with qPCR and western blotting techniques, respectively. Leucine-rich repeat-containing G-protein-coupled receptor 5 mRNA and protein levels were highest in AGS cells. Leucine-rich repeat-containing G-protein-coupled receptor 5 siRNAs inhibited Lgr5 mRNA and protein expression in AGS cells. Cell invasiveness and migration were assessed using transwell invasion assays and wound healing assay. The results indicated that AGS cells transfected with Lgr5 siRNAs resulted in significantly fewer cells passing through the polycarbonate membranes. Furthermore, the silencing of Lgr5 by siRNA decreased the migration of AGS cells compared with Blank or Negative groups. These findings suggested that Lgr5 interference could suppress the invasion and migration of AGS cells. This might be related to canonical Wnt (*β*-catenin) signalling. Recently, some studies have reported that Lgr5 specifically recruits the LRPs--Frizzled receptor complex, which could be activated by extracellular Wnt molecules. This reinforces Wnt signalling following phosphorylation of LRP, and eventually interferes with the degradation of the crucial *β*-catenin signalling molecule. Consequently, *β*-catenin accumulates and translocates to the nucleus, together with the Tcf/Lef family of transcription factors, and also induces the expression of a wide range of target genes ([@bib7]; [@bib8]), possibly including MMP2. Because of this, the Wnt target Lef1, a member of the Tcf/Lef family, specifically induces MMP2 expression and then promotes cell invasion ([@bib19]). In this study, the results showed that the expression of *β*-catenin and MMP2 was decreased significantly when Lgr5 expression was silenced by siRNA in gastric cancer AGS cells. However, the expression of cancer invasion-related molecules MMP9 and E-cadherin did not change. This indicated that the interference of Lgr5 might affect the activation of Wnt signalling pathway, and might thereby reduce the accumulation and translocation of *β*-catenin into the nucleus, resulting in reduced expression of MMP2, and might also ultimately inhibit the invasion of gastric cancer. The molecular mechanisms linking Lgr5 and MMP2 need further investigation. As upregulation of Lgr5 is critical for tumour invasion and metastasis, it could be an attractive target for the treatment of gastric cancers. We speculate that antagonists of Lgr5, or human-type neutralising monoclonal antibodies against Lgr5, may be clinically applicable for the prevention and therapy of gastric cancer invasion and metastasis.

In conclusion, Lgr5 expression was commonly upregulated in gastric cancer tissues and was associated with shortened survival time of patients. These findings could help in predicting the clinical outcome of gastric cancer. High levels of Lgr5 expression were associated with the depth of invasion, lymph node metastasis, distant metastasis, and MMP2 expression. Leucine-rich repeat-containing G-protein-coupled receptor 5 siRNA could suppress gastric cancer cell invasion and migration efficiently. Leucine-rich repeat-containing G-protein-coupled receptor 5 regulates invasion of AGS cell lines *in vitro* by regulating MMP2 expression. Therefore, Lgr5 is responsible for the invasion and metastasis of human gastric cancer. Further investigation is necessary to elucidate Lgr5 functions, and the underlying mechanisms of its regulation. This should provide a better understanding of gastric cancer invasion and metastasis, and will assist in elucidating novel therapeutic strategies against gastric cancer.
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![**Analysis of Lgr5 and MMP2 in human gastric carcinoma and normal tissues.** (**A**) Expression of Lgr5 and MMP2 was determined by immunohistochemical staining. Lgr5 was predominantly expressed in the cytoplasm. (a) Single epithelial cells were Lgr5-positive in normal tissue (arrows). (b and c) Carcinoma cells at the invasive front exhibit strong positive staining (asterisks). (d) Lack of MMP-2 expression in normal tissues. (e and f) MMP-2 staining in the cytoplasm of tumour cells. (a, c, d, and f: × 400 magnification; b and e: × 100 magnification). (**B**) The distribution of Lgr5 in 318 tumour or 80 normal tissue specimens was analysed. The proportion of Lgr5-positive cells in gastric cancer tissues was much higher than that in normal tissues. (**C**) The tumour specimens were divided into two groups according to whether cancer patients had tumour metastasis (including lymph node metastasis and distant metastasis). The percentage of specimens positive for Lgr5 were analysed. (**D**) Representative immunoblots of Lgr5 and MMP2 protein expression in whole tissue extracts from paired samples of gastric cancer tissue (T: tumour) and adjacent normal tissue (N: normal). *β*-Actin was used as the loading control. (**E** and **F**) Box and Whisker plots showing the distribution of Lgr5 proteins, as assessed by western blotting, in gastric cancer tissues according to the degree of tumour infiltration (T stage) and tumour metastasis status. Extremes and outliers are identified by 'o\' and '\*\', respectively. (**E**) Mean Lgr5 protein levels at T1, T2, T3, and T4. Lgr5 protein expression increased stepwise with T-stage progression (\**P*=0.001). (**F**) Leucine-rich repeat-containing G-protein-coupled receptor 5 protein expression was enhanced in metastasising tumours compared with non-metastatic cancer tissue (\**P*=0.001). (**G** and **H**) Comparison of Lgr5 and MMP2 protein expression levels between gastric cancer and normal tissues. Leucine-rich repeat-containing G-protein-coupled receptor 5 and MMP2 protein expression levels were higher in cancer tissues than those in adjacent normal mucosa (\**P*=0.001). Values are presented as the mean±s.d. (**I**) Correlation between Lgr5 and MMP2 protein expression levels in gastric cancer were analysed by Pearson\'s correlation test and linear regression. Each protein was quantified by determining the intensities of the band compared with that of *β*-actin. There was a positive correlation between Lgr5 and MMP2 levels (*r*=0.947, \**P*=0.014). (**J**) Kaplan--Meier survival curves for survival duration in patients with gastric cancer according to Lgr5 expression levels. Leucine-rich repeat-containing G-protein-coupled receptor 5-positive patients had significantly shorter survival durations than Lgr5-negative patients, as assessed by the log-rank test (*P*=0.001).](bjc2014112f1){#fig1}

![**Expression of Lgr5 and MMP2 in a gastric epithelial cell line (GES-1) and gastric carcinoma cell lines (MGC803, SGC7901, AGS, BGC823, and MKN45).** (**A** and **B**) Relative Lgr5 and MMP2 mRNA expression levels were examined by qPCR, and were normalised to glyceraldehyde 3-phosphate dehydrogenase (GAPDH). (**A**) The mean Lgr5 mRNA expression levels were approximately 26-, 18-, 9.2-, 7.6-, and 5.4-fold higher in the MGC803, SGC7901, AGS, BGC823, and MKN45 cell lines, respectively, compared with those in GES-1 cells (\**P*\<0.05). (**B**) Mean MMP-2 mRNA expression levels were approximately 18-, 13-, 11-, 5.6-, and 4.4-fold higher in the MGC803, SGC7901, AGS, BGC823, and MKN45 cell lines, respectively, compared with the expression levels in the GES-1 cells (\**P*\<0.05). (**C**) Statistical correlation between Lgr5 and MMP-2 mRNA expression levels in five gastric cancer cell lines was analysed using Pearson\'s test. There was a positive correlation between Lgr5 and MMP-2 mRNAs (*P*=0.001). (**D**) Expression of Lgr5 and MMP2 proteins in a gastric epithelial cell line and five gastric cancer cell lines as determined by western blotting. Leucine-rich repeat-containing G-protein-coupled receptor 5 and MMP-2 protein expression levels were significantly higher in the MGC803, SGC7901, AGS, BGC823, and MKN45 cell lines than in the GES-1 cells. *β*-Actin was used as the loading control.](bjc2014112f2){#fig2}

![**(A and B) Transfection efficiency of negative control FAM-siRNAs in AGS cells.** (**A**) Observation under a regular microscope. (**B**) Observation of the same field of view using a fluorescence microscope. (**A** and **B**: × 200 magnification). (**C** and **D**) The effect of different siRNAs on the expression of Lgr5 mRNA and protein. Confluent gastric cancer AGS cells were seeded into 6-well plates, and transfected with different siRNAs (siRNA-Lgr5-409, siRNA-Lgr5-1555, and siRNA-Lgr5-2664) or scramble siRNA (negative control). The untransfected cells served as a blank control. Leucine-rich repeat-containing G-protein-coupled receptor 5 mRNA and protein levels were determined by qPCR and western blotting. Transfection of these Lgr5 siRNAs resulted in a significant decrease in Lgr5 mRNA and protein expression. The Lgr5-homo-2664 exerted the greatest effects in suppressing Lgr5 expression. Triplicate experiments were performed with almost identical results. Expression levels of Lgr5 mRNA are presented as mean±s.d.](bjc2014112f3){#fig3}

![**(A) Effect of Lgr5 interference on the invasive ability of gastric cancer AGS cells.** The invasion of AGS cells in three groups (Blank, Negative, and siRNA-Lgr5) was investigated by transwell invasion assays. Representative images showed that Lgr5 interference significantly reduced cell penetration through the matrigel-coated membrane relative to the other two groups (all *P*=0.001). (**B**) Wound healing assay of Lgr5-siRNA-transfected AGS cells. Representative pictures of the wound at 0 and 12 h in different groups. The relative migration of different groups was calculated 12 h after the wound was made. (**C**) Expression of *β*-catenin, MMP-2, MMP9, and E-cadherin in Lgr5-silenced AGS cells and control groups at the protein level using western blotting. Leucine-rich repeat-containing G-protein-coupled receptor 5 interference decreased *β*-catenin, and MMP-2 protein expression levels when compared with the two control groups (all *P*=0.001). However, the expression of MMP9 and E-cadherin did not change significantly. (**D**) Leucine-rich repeat-containing G-protein-coupled receptor 5 interference decreased MMP-2 mRNA and protein expression levels when compared with the two control groups (*P*=0.001). The values presented are the mean±s.d. from three independent experiments. \*\**P*=0.001 compared with cells from the Blank or Negative groups.](bjc2014112f4){#fig4}

###### Correlation between Lgr5 expression and clinicopathological features in gastric carcinoma

                                   **Lgr5**                   
  -------------------------------- ------------- ------------ ----------------------------------
  **Gender**                                                  
  Male                             139 (53.7)    120 (46.3)   0.753
  Female                           33 (55.9)     26 (44.1)     
  **Age (years)**                                             
  *n*\<45                          13 (40.6)     19 (59.4)    0.243
  45⩽*n*\<60                       107 (56.6)    82 (43.4)     
  *n*⩾60                           52 (53.6)     45 (46.4)     
  **Tumour size (cm)**                                        
  *d*\<4                           36 (48.6)     38 (51.4)    0.247
  4⩽*d*\<8                         100 (53.5)    87 (46.5)     
  *d*⩾8                            36 (63.2)     21 (36.8)     
  **Histologic differentiation**                              
  Well differentiated              5 (33.3)      10 (66.7)    0.002[a](#t1-fn2){ref-type="fn"}
  Moderately differentiated        23 (37.1)     39 (62.9)     
  Poorly differentiated            144 (59.8)    97 (40.2)     
  **Depth of invasion**                                       
  T1                               3 (13.6)      19 (86.4)    0.001[a](#t1-fn2){ref-type="fn"}
  T2                               44 (44.4)     55 (55.6)     
  T3                               108 (61.4)    68 (38.6)     
  T4                               17 (81.0)     4 (19.0)      
  **Lymph node metastasis**                                   
  N0                               40 (37.7)     66 (62.3)    0.001[a](#t1-fn2){ref-type="fn"}
  N1                               35 (46.7)     40 (53.3)     
  N2                               29 (64.4)     16 (35.6)     
  N3                               68 (73.9)     24 (26.1)     
  **Distant metastasis**                                      
  Negative                         158 (52.3)    144 (47.7)   0.013[a](#t1-fn2){ref-type="fn"}
  Positive                         14 (87.5)     2 (12.5)      
  **pTNM stage**                                              
  I                                16 (25.4)     47 (74.6)    0.001[a](#t1-fn2){ref-type="fn"}
  II                               58 (49.6)     59 (50.4)     
  III                              84 (68.9)     38 (31.1)     
  IV                               14 (87.5)     2 (12.5)      
  **MMP2 expression**                                         
  Positive                         138 (74.6%)   47 (25.4%)   0.001[a](#t1-fn2){ref-type="fn"}
  Negative                         34 (25.6%)    99 (74.4%)    

Abbreviations: Lgr5=leucine-rich repeat-containing G-protein-coupled receptor 5; MMP-2=matrix metalloproteinase-2; TNM=tumour node metastasis.

A *P*-value \<0.05 was considered statistically significant.

###### Cox regression analysis of prognostic factors in gastric carcinoma

                                                                                                     **95.0% CI for HR**   
  ---------------------------- --------- ------- -------- ---------------------------------- ------- --------------------- -------
  Gender                       --0.275   0.172   2.560    0.110                              0.759   0.542                 1.064
  Age                          0.297     0.117   6.429    0.011[a](#t2-fn2){ref-type="fn"}   1.345   1.070                 1.692
  Size                         0.643     0.128   25.253   0.000[a](#t2-fn2){ref-type="fn"}   1.901   1.480                 2.443
  Histologic differentiation   0.099     0.142   0.483    0.487                              1.104   0.835                 1.459
  Depth of invasion            0.246     0.137   3.223    0.073                              1.279   0.978                 1.674
  Lymph node metastasis        0.273     0.123   4.940    0.026[a](#t2-fn2){ref-type="fn"}   1.314   1.033                 1.673
  Distant metastasis           0.695     0.385   3.251    0.071                              2.004   0.941                 4.266
  TNM stage                    0.666     0.244   7.440    0.006[a](#t2-fn2){ref-type="fn"}   1.947   1.206                 3.143
  Lgr5                         0.504     0.156   10.436   0.001[a](#t2-fn2){ref-type="fn"}   1.656   1.219                 2.249
  MMP-2                        0.397     0.179   4.927    0.026[a](#t2-fn2){ref-type="fn"}   1.487   1.047                 2.110

Abbreviations: *B*=partial regression coefficient; CI=confidence interval; HR=hazard ratio; Lgr5=leucine-rich repeat-containing G-protein-coupled receptor 5; MMP-2=matrix metalloproteinase-2; Wald value=statistic for (*B*/s.e.)^2^.

Statistically significant.

[^1]: These authors contributed equally to this work.
